Abstract-Nuclear magnetic resonance methods are widely used in medicine, chemistry and industry. One application area is magnetic resonance imaging or MRI. It is among the most effective diagnostic tools in medicine. Modern medical MRI scanners use strong magnetic fields. Recently it has become possible to perform NMR and MRI in ultra-low field regime that requires measurement field strengths only of the order of 1 gauss. These ultra-low field techniques exploit the advantages offered by superconducting quantum interference devices or SQUIDs. We describe the world's first multichannel SQUID-based instruments that are capable of performing ULF MRI for different applications.
INTRODUCTION
Superconducting quantum interference device or a SQUID is the most sensitive detector of magnetic flux known [1, 2] . SQUIDs can be used for precision measurements of any kind of physical values or signals that can be transformed into magnetic flux [3] . For instance, extremely sensitive devices for measuring magnetic field and field gradients can be built using SQUIDs. The first practical SQUID magnetometer was invented in mid 60 s and used in 1969 for a magnetocardiogram [4] . This invention created new research field called 'Biomagnetism' -investigations of magnetic fields generated by living organisms [5] . Magnetoencephalography (MEG) or investigation of magnetic fields generated by the brain became one of the most important areas of Biomagnetism [6] . Its clinical application, however, has been impeded by the need to superpose the MEG-localized neuronal activity with anatomical information obtained using a separate MRI scanner. Acquiring functional (MEG) and anatomical (MRI) data with two separate instruments leads to significant co-registration errors [7] . ULF MRI became a promising new method for structural brain imaging that can be done simultaneously with MEG using the same instrument [8] .
Conventional MRI instruments use strong magnetic fields for nuclear spin polarization and Faraday coil variants for signal detection. NMR signal strength and frequency is proportional to the strength of the polarizing field. In addition, the sensitivity of Faraday coil based receivers increases with frequency. The common trend in NMR and MRI instrumentation is the pursuit of the highest possible field strength. Although high field enhances signal strength, it also places significant restrictions on many applications.
Recently it has become possible and practical to perform MRI at microtesla-range magnetic fields, the so-called ultra-low field (ULF) regime; see for example [9] . The drawback of this method, the low signal intensity, can be mitigated by sample pre-polarization and the use of ultra-sensitive detectors such as SQUIDs. The simplified field generation allows flexibility in pulse sequences such as measurement field reversal and the ability to trivially change field strength. In contrast to conventional MRI, relative homogeneity of the measurement field is not crucial, because microteslarange magnetic fields of even modest relative homogeneity are highly homogeneous on the absolute scale. SQUID sensing technology is a key component for Biomagnetism instrumentation. Modern MEG systems have a few hundred SQUID detectors and operate inside large magnetically shielded rooms. Such SQUID arrays can be used to record MEG signals and acquire anatomical images by means of ULF MRI.
Another promising ULF MRI application is detection of liquid explosives at airport security checkpoints [10] . We present recent results from a ULF MRI system that was designed for the noninvasive inspection of liquids at airports. The system utilizes many of the advantages of ULF MR, in particular exploiting the power of MR relaxometry to fingerprint materials, the relatively simple MRI instrumentation suitable for the airport setting, and the ability to perform imaging through metal foils and cans. While relaxometry is used to classify materials as "threat" or "benign", ULF MR imaging allows examination of multiple bottles simultaneously and without opening. Such ULF MRI system was built and tested in Albuquerque airport in 2008.
METHOD
A typical ULF MRI instrument consist of the following basic components: one or more prepolarization field coils, one coil set to produce uniform measurement field, three magnetic gradient coil sets, and SQUID-based gradiometers (inside a liquid helium cryostat) for signal reception. The pre-polarization field B P should be as strong as possible for each particular application. It can be relatively non-uniform, for instance, 10-30% non-uniformity is good enough. It makes such coils inexpensive. The relative non-uniformity of the measurement field B M should be about 0.1% or lower. B M is oriented perpendicular to the pre-polarizing coil axis. Three coil sets generate encoding gradients G X , G Y and G Z similar to conventional MRI systems. One or more SQUID gradiometers are placed inside a liquid helium cryostat in close proximity to a sample. The gradiometer design is very similar to that used for biomagnetic research with only one important difference -a protection circuit should be used to suppress transient from pulsing pre-polarizing field that can damage SQUID sensor. To decrease the Earth's magnetic field and ambient magnetic noise, a ULF MRI system is placed inside a large magnetic shield. Alternatively, 3D compensation coils can be used. The system we have developed for simultaneous ULF MRI and MEG measurements, described in detail elsewhere [11, 12] , includes seven second-order axial gradiometers connected to SQUID sensors. The gradiometers have 37 mm diameter and 60 mm baseline. They are placed parallel to one another with one gradiometer in the middle and six others surrounding it in a hexagonal pattern shown in Figure 1(a) . The seven channels are installed at a flat bottom of a fiberglass cylindrical cryostat. The cryostat is filled with 14 liters of liquid helium and can keep SQUIDs at temperature 4 K for one week. The distance between the gradiometers and the outside cryostat surface is about 20 mm. This is how close the gradiometers can be located to room temperature objects. The cryostat is positioned along the Y -axis about 30 mm above the center of the coil system. A human subject is placed on a bed along the Z-axis with the head between the B P coils and touching the bottom of the cryostat. Schematic layout of the coil system for 3D ULF MRI is exhibited in Figure 1(b) . The system includes five sets of coils. A pair of round Helmholtz coils, 120 cm in diameter, provides 46 µT measurement field B M along the Z-axis at 750 mA. Three sets of coils generate three gradients for 3D Fourier imaging. The longitudinal gradient Gz = dBz/dz is produced by two 80 cm square Maxwell coils. The magnitude of this gradient at 1 A current is 120 µT/m. A set of eight rectangular coils on two 48 cm × 96 cm frames orthogonal to the X-axis creates the transverse gradient Gx = dBz/dx. The Gx strength is 80 µT/m at 1 A. The second transverse gradient, Gy = dBz/dy, is generated by a set of four rectangular coils on two 62 cm × 96 cm frames orthogonal to the Y -axis. The magnitude of Gy is 140 µT/m at 1 A. Each of these coil sets is symmetric with respect to the center of the system. The system as a whole is carefully centered inside a two-layer magnetically shielded room designed for conventional biomagnetic applications.
The imaging procedure is described in detail elsewhere [11, 12] . The prepolarization time t p was 1 s, and the pre-polarizing field B P about 30 mT along the X-axis. The measurement field B M along the Z-axis corresponded to Larmor frequency about 2 kHz. The encoding t g and acquisition t a times were 28 ms and 56 ms, respectively. The frequency encoding gradient Gx had ±140 µT/m values. The phase encoding gradient Gz had maximal values ±140 µT/m with 61 phase encoding steps. A total of 11 phase encoding steps were taken for the Y-direction, with the maximal gradient values Gy = ±70 µT/m. The described sequence provided 3 mm × 3 mm × 6 mm imaging resolution. Results of a human brain imaging experiment [8] with the described system are exhibited in Figure 1 (right).
Liquid Explosives Detection ULF MRI -MagViz System
The design of the MagViz instrumentation is shown schematically in Figure 2 [10] . The MagViz system uses seven second-order wire-wound gradiometer pick-up coils, which are 90 mm diameter and 90 mm baseline. The arrangement of the gradiometers is the same as in Figure 1(a) . The intrinsic noise of the gradiometers and the commercial cryostat is about 0.5 fT/ √ Hz, although external noise sources increase the total system noise at 3.2 kHz measurement frequency to about 1.5 fT/ √ Hz. Such noise sources include the gold-plated radio frequency shield around the cryostat, the measurement field and gradient electronics, feedback electronics, etc. We currently work on reducing the system noise, and expect to achieve sub-femtotesla magnetic field resolution. Figure 2 shows the arrangement of magnetic fields and gradient generation coils. The prepolarization coil, generating the field B P as high as 50 mT in a sample volume, is cooled with a fluorine-based industrial coolant, Fluorinert TM , allowing continuous system operation without substantial heating. Fluorinert was chosen instead of water for cooling to avoid hydrogen NMR signal background. After some pre-polarization time (ranging between 1 and 3 seconds), the B P field is turned off with a ramp-down time of 10 ms and the 75 µT measurement field B M is applied perpendicular to B P to induce nuclear spin precession. A measurement field echo technique, which would be impossible with a conventional MRI system, is used to reduce the effects of magnetic field inhomogeneity.
The encoding scheme is based on the 3D Fourier protocol with a frequency encoding gradient G x = dB z /dx and two phase encoding gradients, G z = dB z /dz and G y = dB z /dy. The following imaging parameters were used in the present work: G x = ±60 µT/m, |G z | ≤ 24 µT/m, 9 encoding steps, |G y | ≤ 7 µT/m, 3 steps, t p = 1 s and 3 s, t g = 50 ms, and t a = 85 ms. The measurement field and gradient sequence is the same as in Figure 1(c) . The system is placed inside a two-layer magnetic shield. A conveyor system through the shield is used for sample handling. The actual MagViz hardware is shown in Figure 3 . Sample photographs and corresponding MR images are shown in Figure 4 . Red and yellow ovals indicate detected threats (highly concentrated hydrogen peroxide) inside bottles and in one of the two aluminized milk packages. 
CONCLUSION
While we are enthusiastic about the potential of MagViz-like systems for airport security, we believe the real potential of ULF MRI may extend greatly beyond this application. A simple, mobile, inexpensive MRI system could open up many new markets for MRI. For example, because of the large cost of conventional MRI magnets, many people in resource-poor locations do not have access to MRI. Moreover, the ULF MR approach may provide open MRI systems for emergency rooms and field hospitals. Without any hardware modification at all, the MagViz system has already shown itself to be a capable imaging device. While the spatial resolution remains below that of conventional MRI scanners, we expect this to improve as we increase the pre-polarization field and reduce system noise. The real potential of ULF MRI as a medical research tool is yet to be determined.
